Lung volume reduction surgery can improve lung function in patients with emphysema. We report our anaesthetic experience, problems and the physiological data of eight patients. Our aims were prevention of air trapping and air leaks, good analgesia and early recovery and mobilization. We were able to achieve these aims using pressure limited ventilation, lumbar epidural diamorphine, propofol infusions and intensive physiotherapy. Hypoxia during one-lung ventilation was the main intraoperative problem. Air leaks, infection and pulmonary hypertension were the main postoperative problems.
Brantigan first described lung volume reduction surgery for severe emphysema in 1959 but it was not widely accepted at the time 1 . Cooper improved and revived the operation in the 1990s with good results 2 . There is little data on the longevity of improvement, life expectancy and cost of the surgery compared with medical treatment. The study hospital is currently carrying out a controlled comparison of lung volume reduction surgery versus medical treatment. This report summarizes the early anaesthetic experience in patients having this procedure.
METHOD
The Hospital Ethics Committee approved the study. Respiratory assessment included lung volume measurements, FEV1, FVC and arterial blood gases. Ventilation perfusion scans and computed tomography scans were used to identify areas of non functioning lung. Cardiac assessment included ECG, thallium scanning and transthoracic echocardiography. The number of 10 m laps the patient could walk continuously was used as a measure of exercise capacity. There was no time limit and the patients walked at their own pace.
Criteria for inclusion in the study were: diagnosis of severe emphysema confirmed by imaging and lung function tests, severe dyspnoea caused by emphysema, disease not suitable for lobectomy or bullectomy, age under 70 years and no smoking for at least six months.
Exclusion criteria were: life expectancy less than two years, FEV1 less than 15% of predicted values, oxygen dependence more than 18 hours per day, steroid requirement more than 10 mg prednisolone per day and hypercapnia greater than 45 mmHg. Patients with these criteria were considered to have such severe emphysema that they would not tolerate or benefit from surgery. Patients who had heart failure, angina, asthma, kyphoscoliosis and previous thoracic surgery were also excluded.
Eligible patients were randomized to receive either medical treatment or lung volume reduction surgery. All patients for surgery had at least six weeks of preparatory exercises to improve their stamina. Respiratory physicians optimized their treatment with bronchodilators and steroids.
No sedative premedication was given. Intravenous access and intra-arterial blood pressure monitoring were established before induction of anaesthesia. Anaesthesia was induced with propofol 2 mg.kg -1 and muscle relaxation with pancuronium 0.15 mg.kg -1 . Anaesthesia was maintained with propofol at an initial infusion rate of 10 mg.kg -1 .hr -1 , decreasing at 10-minute intervals to 8 and then 6 mg.kg -1 .hr -1 . The subsequent infusion rate was adjusted according to haemodynamic changes.
In each case position of the left-sided doublelumen tube was checked with a fibreoptic bronchoscope. Diamorphine 0.05 mg.kg -1 was given via lumbar epidural catheter before surgery, then infused at 0.5 mg.hr -1 . No opioids were used by any other route. No epidural local anaesthetics were used.
Transoesophageal echocardiography (TOE) monitoring of cardiac function was used in two patients. Haemodynamic, respiratory and arterial blood gas measurements were recorded after induction, after sternotomy, during each stage of one-lung ventilation, at the end of surgery and six hours after extubation.
Using a Dräger Evita 1 ventilator, the patients were ventilated with an air/O 2 mixture with an initial FiO 2 of 0.5, increasing in 0.1 increments if SpO 2 was less than 90%. If the SpO 2 remained less than 90% despite an FiO 2 of 1, the operative lung was intermittently inflated. Airway pressures were limited to 20 cm water during two-lung ventilation and to 30 cm water during one-lung ventilation. A respiratory rate of 10 breaths min -1 and an inspiratory to expiratory ratio of 1:4 were used and hypercapnia permitted, to minimize airway pressure and air trapping.
Surgery involved a median sternotomy and resection of 20 to 30% of the most diseased areas of the lung. A judgement was made between resecting enough diseased lung to reduce hyperinflation, and leaving enough lung for gas exchange. Linear stapling devices, reinforced with bovine pericardium, were used to minimize air leaks. The lungs were operated on sequentially. The worse lung was operated on first, to improve its function before subjecting it to onelung ventilation.
During one-lung ventilation, the most diseased and poorly perfused parts of the non-ventilated lung were very slow to deflate and had little absorption collapse. The surgeons targeted these areas for resection. Hypoxia was a problem during the second period of one-lung ventilation when the worst lung was being ventilated solely. Periodic reinflation of the lung undergoing surgery was required. While such reinflation stopped surgery, it allowed the surgeons to assess the extent of resection and prevent excessive resection, and to detect air leaks. After one-lung ventilation, only the lung being reinflated was subjected to manual reinflation with pressures of up to 40 cm water. Air leaks were treated with further stapling or pleural flaps.
After surgery, the double-lumen tube was changed to a single-lumen endotracheal tube for ventilation in the intensive care unit. The patients were extubated when fully awake, pain free, warm and well perfused, and able to cough. Supplementary oxygen was then delivered with fixed performance facemasks, with an FiO 2 of 0.28 to 0.6, as required to maintain SpO 2 above 90%. Intensive physiotherapy began immediately after extubation and was continued throughout hospitalization. Early mobilization was emphasised and the patients began walking the day after surgery.
Epidural diamorphine was continued after surgery for up to four days. The infusion rate was adjusted up to 1 mg.hr -1 according to pain scores. One patient had severe pain of the second right intercostal sternal joint after epidural diamorphine was stopped. This was treated successfully with a bupivacaine intercostal nerve block.
RESULTS
Eight patients (six men, two women) have had lung volume reduction surgery in the study up to the time of this report. Preoperative data is in Table 1 . All were ex-smokers and one woman also had alpha-1 antitrypsin deficiency. None of the patients required oxygen at rest and all were able to walk at least 50 m. Six patients were on prednisolone and all were on theophylline.
Respiratory data is summarized in Table 2 . Prior to one-lung ventilation, there was no hypoxia or hypercapnia. As detailed in Table 2 , the first period of one-lung ventilation was associated with a decrease in P a O 2 (FiO 2 of 0.5) and an increase in P a CO 2 . During the second period of one-lung ventilation, there was a further decrease in P a O 2 and increase in P a CO 2 . One patient required an FiO 2 of 1.0. At the end of surgery, with two-lung ventilation, the P a O 2 and the P a CO 2 improved but were still worse than the baseline ventilated figures. Six hours after extubation, the mean P a O 2 was 89.5 mmHg on an FiO 2 of 0.5 by fixed performance oxygen mask, and the mean P a CO 2 was 62.3 mmHg. The hypercapnia resolved in all patients within 24 hours. Despite hypercapnia, the patients who did well were already finding it easier to breathe. Chest X-rays showed restoration of the dome shape of the hemi-diaphragms.
Haemodynamic data is presented in Table 3 . Both cardiac index (CI) and stroke volume index increased significantly (P<0.05) after surgery. These measurements were taken while the patients were anaesthetized on the same infusion rate of propofol. We have not included measurements taken during one-lung ventilation as frequent manipulation of the heart and lungs made the data difficult to interpret. TOE assessment of two patients showed increased cardiac filling and ejection fraction after surgery.
Pain scores ranged from 0 to 3 on a visual analog scale of 0 to 10. Naloxone 100 µg was used to treat respiratory depression soon after extubation in two patients. They did not require reintubation or ventilation. One patient had itching of the trunk. No patient had nausea or vomiting.
All patients were able to maintain spontaneous ventilation in the first 48 hours. Air leaks were common. All were successfully managed with chest drains and further surgery was not required.
Despite what appeared to be relatively smooth anaesthesia, surgery and early recovery, three patients later died. One patient died of pneumonia three weeks after surgery. Another patient had persistently raised PAP and PVRI which could not be controlled with vasodilators and nitric oxide. She died two weeks after surgery from a pulmonary hypertensive crisis where her systolic PAP exceeded 90 mmHg. The third patient seemed to be recovering well until her sternal wound broke down after two weeks. She died of sepsis two months after surgery.
DISCUSSION
In severe emphysema, there is loss of lung elasticity, hyperinflation, abnormal muscle mechanics, impaired gas flow and ventilation/perfusion mismatch. Cooper observed that patients with severe emphysema having lung transplantation had more normal diaphragm and chest wall position immediately after surgery. This suggested that reducing hyperinflation could restore diaphragm and chest wall mechanics in severe emphysema and supported Brantigan's observations 2 . It seems intuitively wrong to resect lung tissue in patients with severe emphysema and poor respiratory function. However, Cooper reported improvements in FEV1 of 57% and a perioperative mortality of 5% with his technique of lung volume reduction surgery 3 . Other volume reduction techniques include unilateral and bilateral video assisted thoracoscopic laser surgery and thoracoscopic resection. Reported improvements in FEV1 have ranged from 13% to 83% 4 . Improvement after lung volume reduction surgery is multifactorial. Firstly, reducing hyperinflation restores diaphragm and chest wall mechanics. In severe emphysema, the diaphragm is flat and has decreased apposition to the lower rib cage. The fibres are shortened and less able to generate force. After surgery, the diaphragm regains its curvature and fibre length. It can then contract more efficiently without indrawing of the lower ribs 5 . The chest wall has an elastic recoil ten-461 ANAESTHESIA FOR LUNG VOLUME REDUCTION SURGERY Anaesthesia and Intensive Care, Vol. 27, No. 5, October 1999 dency that is outwards after lung volume reduction surgery. This aids inspiration. The level of neural stimulation required for a given minute ventilation is reduced and there is less fatigue 6 . Secondly, removing the worst areas allows expansion of previously compressed lung. There is increased elastic recoil, which aids expiration and increased radial traction on the airways which keeps airways patent. These effects improve expiratory airflow 7, 8 . Thirdly, there is improved matching of ventilation and perfusion 7 . Even though some patients found it easier to breathe immediately after surgery, initial deterioration in respiratory function (blood gas results being one indicator) is to be expected, due to the early effects of surgery and anaesthesia. Our inclusion and exclusion criteria are comparable to those of other centres 3, 4 . Szekely et al have reported that the inability to walk 200 m in six minutes or a resting P a CO 2 greater than 45 mmHg before surgery were associated with increased mortality and longer hospitalization 9 . Cooper emphasised the ability to exercise for 30 minutes regardless of oxygen requirement 3 . Our criteria may need to be modified to prevent further morbidity and mortality.
The main concerns during anaesthesia are air trapping and hypoxia. Air trapping can lead to pneumothorax and air leaks after surgery. It can also impede venous return and decrease cardiac output. Air leak is the commonest problem after lung volume reduction surgery 10 . While air leaks in our patients resolved with chest tube drainage alone, the chest drains hindered mobilization. Hence we limited airway pressure and respiratory rate strictly, permitting low tidal volumes and hypercapnia.
Bilateral bullectomy is possible without one-lung ventilation, and is also possible with jet ventilation 11, 12 . Avoiding one-lung ventilation will minimize hypoxia. However, in lung volume reduction surgery, one-lung ventilation is essential for identification of target areas in the non-ventilated lung. A double-lumen tube also enables independent suction and reinflation of each lung, reducing exposure of the opposite (ventilated) lung to high pressures during reinflation. Periodic reinflation actually helped in assessment of surgery and preventing excessive resection. We avoided CPAP and apnoeic oxygenation of the non-ventilated lung as this may interfere with identification of the most diseased parts of the lung for resection.
Cooper emphasized early extubation and spontaneous ventilation immediately after surgery 2 . Benumof reported ventilating a patient for three days after bilateral bullectomy 13 . We felt that a short period of assisted ventilation was beneficial as it allowed the patients to recover completely from anaesthesia and neuromuscular blockade. They were then able to cooperate fully with the physiotherapist. This is unlikely to significantly increase the risks of barotrauma and air leaks and may reduce the risk of respiratory failure.
We used propofol, as inhalational anaesthetics may impair hypoxic pulmonary vasoconstriction during one-lung ventilation and worsen hypoxia 14, 15 . Even a small reduction in shunt may benefit these patients. We were also concerned about the uptake of inhalational agents in patients with such diseased lungs. The excretion of inhalational agents may be unreliable and this may lead to prolonged recovery. Nitrous oxide was avoided because of the risk of expansion of closed gas spaces in the lungs and to allow change in FiO 2 without change in depth of anaesthesia. It was easier to control depth of anaesthesia with propofol during frequent changes in ventilation and FiO 2 .
Lumbar epidural diamorphine infusion is routinely used for analgesia in our hospital. While both systemic and epidural opioids can produce equally good analgesia, analgesia is more prolonged with smaller doses of epidural opioids 16, 17 . This results in less sedation and respiratory depression 16 . While "single shot" spinal morphine is a simpler technique, an epidural catheter technique enabled control of the duration of analgesia and titration of opioid dosage. Diamorphine was used as it is relatively lipophilic and penetrates the spinal cord rapidly. This results in faster onset of selective spinal analgesia, and can reduce cephalad spread and the risk of respiratory depression 18 . More important, should respiratory depression occur, it is likely to occur much earlier than when using morphine which is much less lipophilic. We used an infusion rather than boluses for postoperative analgesia to achieve more even analgesia, and to avoid the peaks in plasma diamorphine levels after bolus administration. Diamorphine is available in a preservative-free preparation in our hospital whereas morphine is not. Epidural diamorphine does not need to be injected at the thoracic level to be effective in thoracic surgery patients, and thoracic epidural catheter insertion, which is more difficult, is unnecessary 19 .
We avoided epidural local anaesthetics in order to prevent hypotension and the need for vasopressors and fluids. One centre using thoracic epidural bupivacaine reported using phenylephrine infusions to treat hypotension 10 . Secondly, local anaesthetics can block the nerve supply of the intercostal muscles, impairing respiration. Thirdly, the innervation of the upper part of the sternotomy wound is by supraclavicular nerves from the cervical plexus. A local anaesthetic block extending to this level can block the phrenic nerve.
The cardiac output increased after lung volume reduction surgery despite increases in PAP and PVRI. In emphysema, hyperinflated lungs impede cardiac filling. In contrast to normal physiology, emphysema may be associated with decreased venous return during inspiration 20 . Reducing hyperinflation may increase venous return and explain the improvement in cardiac output. Reducing hyperinflation may also change the shape of the heart, thus improving contractility. Further assessment of the cardiac effects of lung volume reduction surgery is required and TOE may prove to be very useful.
An increasing number of centres are offering lung volume reduction surgery to selected patients with emphysema. Improved results may evolve from improvements in patient selection and the understanding and management of the complex cardiorespiratory pathophysiology. We have described an anaesthetic technique designed to minimize barotrauma, provide good analgesia and aid early mobilization.
